This nationwide, population-based study aimed to clarify the effects of immunosuppressive regimens on new-onset diabetes after liver transplantation (NODALT). The National Health Insurance database of Taiwan was explored for patients who received liver transplantation without pre-transplant diabetes from 1998 to 2012. Information regarding clinical conditions and immunosuppressant utilization among these patients was analyzed statistically. Of the 2,140 patients included in our study, 189 (8.8%) developed NODALT. The pre-transplant risk factors for NODALT were identified as old age, male sex, hepatitis C, alcoholic hepatitis, and immunosuppressant use of tacrolimus (TAC). All patients used corticosteroids as a baseline immunosuppressant. The immunosuppressant regimen of cyclosporine (CsA)+TAC+mycophenolate mofetil (MMF) contributed most to NODALT (adjusted hazard ratio 7.596) in comparison with the regimens of TAC+MMF and CsA+MMF; this regimen also contributed significantly to higher post-transplant bacteremia, urinary tract infection, pneumonia, renal failure, and mortality rate. In conclusion, our analysis confirmed TAC-based immunosuppression contributes to higher NODALT incidence than CsA-based regimen, and TAC-CsA conversion due to any causes might lead to worse clinical outcomes. Clinicians should make better risk stratifications before prescribing immunosuppressants for liver transplant recipients.
Introduction
New-onset diabetes after transplantation (NODAT) is a challenging complication after solid organ transplantation, known to increase risk of infection, cardiovascular events, graft failure, and mortality in organ recipients. [1] [2] [3] The incidence of NODAT has been reported to be 14%-44%, 31%-36%, 32%-40%, and 28%-40% following liver, kidney, lung, and heart transplantations, respectively, according to American Diabetes Association/World Health Organization (ADA/WHO) criteria. 1 The incidence of NODAT is higher during the early post-transplant period because of the exposure to high doses of corticosteroids, calcineurin inhibitors (CNIs), and long-term physical inactivity. 3, 4 A meta-analysis including 20 studies concluded that hepatitis C virus infection, impaired fasting glucose, family history of diabetes, male sex, old age, use of tacrolimus (TAC), and obesity are significant risk factors for NODAT. 2 The pathogenesis of NODAT is generally explained by CNIs inducing pancreatic beta-cell dysfunction and the gluconeogenesis effect of steroids resulting in insulin resistance. 3 Therefore, customized selection of immunosuppressant regimen should be emphasized to reduce the incidence of NODAT and thus promote overall survival.
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liu et al rates exceeding 90% in recent years. 5 The KDIGO practice guidelines for kidney transplant recipients in 2009 recommended triple immunosuppressant therapy with CNIs (TAC or cyclosporine [CsA] ), mycophenolate mofetil (MMF), and optional use of steroids as first-line agents. 6 CNIs are the cornerstone of maintenance immunosuppressive regimens in solid organ transplantation. CNIs prevent lymphocyte proliferation and interleukin (IL)-2 production by inhibiting signal activation within T-cells, thus effectively preventing acute rejection. 7, 8 The introduction of CNIs (CsA in 1970s, TAC in 1990s) greatly improved the outcomes of organ transplantation. The current most commonly used immunosuppressive regimen in liver transplantation consists of IL-2 antagonist (basiliximab or daclizumab) induction with subsequent maintenance with TAC, MMF, and prednisolone, which has been shown to substantially reduce post-transplant biopsy-proven acute rejection. 7 However, the use of CNIs is associated with adverse effects including hypertension, hyperlipidemia, glucose intolerance, NODAT, neurotoxicity, nephrotoxicity, and de novo malignancy. 7, 9 CNI-induced nephrotoxicity is recognized as an important cause for post-transplant morbidities and graft failure. Attempts to mitigate the adverse effects of CNIs include delayed introduction of CNI, CNI minimization by substitution with MMF or mammalian target of rapamycin inhibitors (mTORIs), or a CNI-free regimen. 10, 11 Since the mid-1990s, TAC has become the first-line immunosuppressant for liver transplantation. 7 TAC is 100-fold more potent than CsA and is currently prescribed for over 96% of organ recipients at the time of hospital discharge after transplant surgery. 7 In 2006, the Cochrane systematic review reported significantly reduced mortality rate, graft failure, acute rejection, and steroid-resistant rejection in TAC-based immunosuppression for liver transplant recipients compared to CsAbased immunosuppression; 12 however, higher incidence rate of NODAT was also reported in TAC-treated recipients. These clinical studies showed that, compared to CsA, TAC has been associated with better graft survival, less acute rejection, lower nephrotoxicity, easier blood pressure control, and favorable cardiovascular profiles, but higher incidence of NODAT. 8 The choice of immunosuppressive regimen has significant influence on the development of NODAT and the survival outcome of liver transplant recipients; however, large-scale clinical studies addressing this issue are scarce in the literature. Therefore, we conducted this retrospective, nationwide, population-based cohort study, using the National Health Insurance (NHI) database, to investigate the influence of different immunosuppressive regimens on the incidence of NODAT and outcomes of liver transplantation in Taiwan.
Methods
Data collection
This retrospective, population-based cohort study was conducted using Taiwan's NHI research database. De-identified and computerized data were provided by the Bureau of NHI, which organizes claims data for the entire NHI system and established the NHI research database. The NHI database contains basic patient information and medical data, such as international clinical diagnostic (ICD) codes. This study was evaluated and approved by the NHI research committee (NHIRD-103-103) and the institutional review board of the Chang Gung Memorial Hospital. No consent was needed since the data were analyzed anonymously. Figure 1 presents the flowchart of patient selection and identification process for our study. Liver transplant recipients during the period 1998-2012 were identified from the NHI database using the ICD-9 diagnostic codes V427 (liver transplantation status) and 996.82 (complications of transplanted liver). To exclude recipients who did not undergo liver transplantation in Taiwan, we applied the operation codes of liver transplantation (505, 75020A, or 75020B). Hence, we identified 2,938 patients who received liver transplantation in Taiwan during the period 1998-2012 in the NHI database. In addition, we also excluded 614 patients with the diagnosis of diabetes mellitus before liver transplantation and another 76 patients with unconfirmed pre-transplant or post-transplant diagnosis of diabetes. We defined NODAT as new-onset diabetes occurring 90 days after liver transplantation; therefore, another 108 patients whose post-transplant follow-up duration was less than 90 days were also excluded. The final cohort consisted of 2,140 liver transplant recipients who received liver transplantation in Taiwan during the period 1998-2012 without pre-transplant diabetes.
Patient and immunosuppressive regimen selection
The NODAT cases in our study were defined as those with the presence of diagnosis code of diabetes (ICD-9 code 250, A181) more than three times either in inpatient or outpatient department after 90 days of liver transplantation. Demographic data, medical conditions, and mortality rates of recipients with or without NODAT were identified and compared. The following pre-transplant medical conditions were compared among these recipients: hepatitis B, hepatitis C, alcoholic hepatitis, liver cirrhosis, hepatocellular carcinoma, other malignancy, hypertension, coronary heart disease, obesity, coagulopathy, chronic 
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immunosuppressant and new-onset diabetes after liver transplantation kidney disease, and hyperlipidemia. Mortality was identified by the presence of health insurance death codes or termination of NHI.
The utilization of five commonly prescribed immunosuppressants (CsA, TAC, MMF, sirolimus, and everolimus) among liver transplant recipients was investigated and compared. Steroids, as an important component of immunosuppressive therapy, were given for over 99% of liver transplant recipients in our cohort (prednisolone: 2,935/ 2,938=99.90%; methylprednisolone: 2,924/2,938=99.52%), and thus were not enlisted for comparison. In our cohort using NHI database, a specific immunosuppressant was defined as part of maintenance regimen if it was identified in more than 10% of all immunosuppressant prescriptions. As a result, the three most commonly used immunosuppressive regimens were identified as TAC+MMF (64.5%), CsA+MMF (7.6%), and CsA+TAC+MMF (3.8%). Then we evaluated and compared the demographic data, pretransplant medical conditions, incidence of NODAT, and survival outcomes in liver transplant recipients with different immunosuppressant regimens.
Measurements
The primary outcome in our study was the comparison of pre-transplant medical conditions of liver transplant recipients with or without NODAT. The secondary outcome was the correlation of different immunosuppressive regimens with NODAT and outcomes of liver transplantation. We also compared the incidence of post-transplant infection, cardiovascular events, de novo malignancies, and mortality rates occurring 6 months after liver transplantation for different immunosuppressant regimens. We used Kaplan-Meier survival analysis to clarify the association between different immunosuppressant regimens and their post-transplant survival rate.
statistical analysis
Demographic data and medical conditions were analyzed by chi-square or Fisher's exact test for univariate comparisons between categorical variables and Student's t-test for continuous variables. Risk factors for NODAT were evaluated using Cox proportional hazard regression model. The hazard ratio of NODAT for each regimen was adjusted by 
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liu et al significant pre-transplant risk factors of NODAT including age, sex, hepatitis C, and alcoholic hepatitis. Kaplan-Meier method with log-rank test was used to compare overall survival during follow-up period among different regimens. All statistical analysis was performed with SAS software (version 9.3; SAS Institute Inc., Cary, NC, USA), and the tests were two-tailed with p-value ,0.05 considered statistically significant.
Results
Correlation of comorbidities and immunosuppressant with nODaT
Our study included 2,140 patients, of whom 189 patients (8.8%) developed NODAT. Liver transplant recipients with NODAT were more likely to be older (p,0.001) and male (p=0.0373) than recipients without NODAT ( 
Demographic data of patients using different regimens
Demographic data of patients using different immunosuppressant regimens are listed in Table 3 . Patients on regimen TAC+MMF or CsA+TAC+MMF were significantly older and male, and had more pre-transplant diseases, including hepatitis B, hepatitis C, alcoholic hepatitis, liver cancer, hypertension, and coronary artery disease, compared to those on regimen CsA+MMF. Besides, the incidence of NODAT was observed to be the highest in regimen CsA+TAC+MMF (28.4%) followed by regimen TAC+MMF (9.2%) and regimen CsA+MMF (3.7%) (p,0.0001). Table 4 shows that these immunosuppressant regimens had different correlations with NODAT. After adjusted by significant pre-transplant medical diseases of NODAT (age, sex, hepatitis C, alcoholic hepatitis), we obtained the adjusted hazard ratios: CsA+TAC+MMF (7.596) . TAC+MMF (2.443) . CsA+MMF (as standard). Figure 2 shows the incidence rate of NODAT development for different immunosuppressant regimens during the follow-up period after liver transplantation; it reveals that NODAT in most cases developed within 1 year after liver transplantation.
immunosuppressant regimens and nODaT
immunosuppressant regimens and post-transplant outcomes Post-transplant outcomes for different regimens were measured as infections (bacteremia, pneumonia, urinary tract infection [UTI]), cardiovascular events (myocardial infarction, cerebral stroke accident), de novo malignancies (liver cancer, non-liver malignancy), and death occurring 6 months after liver transplantation. The immunosuppressant regimen CsA+TAC+MMF was associated with the worst outcomes, consisting of higher incidence of bacteremia (p,0.001), pneumonia (p=0.036), UTI (p=0.007), renal failure (p=0.009), and mortality rate (p=0.012). There was no significant difference in post-transplant cardiovascular events or de novo malignancies between these regimens ( Table 5 ).
The Kaplan-Meier analysis of post-transplant overall survival for liver transplant recipients with different regimens during the follow-up period is shown in Figure 3 . This figure shows that recipients treated with regimen CsA+TAC+MMF were associated with the worst overall survival among all the regimens (log-rank p=0.0427). In this cohort study, 8.8% of liver transplant recipients developed NODAT, with the major risk factors being older age, male sex, hepatitis C, alcoholic hepatitis, and the utilization of TAC. Previous studies have showed that NODAT is associated with old age, male sex, high body mass index, viral infection, and impaired fasting glucose; 2 these results were consistent with our findings, except for obesity. The possible explanation for that insignificant association with obesity might be explained by the relatively low incidence of obesity (only 2 cases in 2,140 recipients) in our cohort, which might be the consequence of undercoding in the NHI coding system of Taiwan.
Regarding the association of immunosuppressants and NODAT, our results showed that the utilization of immunosuppressants TAC and MMF has significant correlation with NODAT. It is well recognized that TAC contributes to higher incidence of NODAT than CsA. While previous studies have reported that MMF has no direct metabolic consequence in organ recipients, its introduction may reduce the total required dosage of steroids and CNIs for immunosuppression. 5 Therefore, MMF might literally play a protective role against NODAT development in case of immunosuppression with steroids and CNIs. The other immunosuppressants listed in Table 2 , sirolimus and everolimus (members of mTORIs), work synergistically with TAC and are generally used in the CNI-minimization regimen to reduce CNI nephrotoxicity due to their non-nephrotoxic properties. In addition, mTOR signaling plays a role in tumor angiogenesis and proliferation, 10 thus mTORIs have been reported to improve recurrence-free and overall survival in patients undergoing liver transplantation for hepatic cellular carcinoma (HCC) compared with CNIs. 13 Considering the role of sirolimus in NODAT, clinical results were paradoxical with biphasic effect of enhancing insulin sensitivity in acute treatment but causing insulin resistance after chronic dosing. 5 The immunosuppressive regimens listed in our study, namely CNIs/MMF plus baseline steroids, were the most used regimens for liver transplant recipients in Taiwan during the 14-year study period. The most commonly used regimen, based on our results, was TAC/MMF plus baseline steroids, which had a modest correlation with NODAT and relatively good clinical outcomes, although its users were of older age and had more pre-transplant diseases. The least used regimen was CsA+TAC+MMF, which might be the result of conversion from TAC to CsA due to NODAT or transition from CsA to TAC due to serious rejection. Although the exact clinical scenarios could not be identified based on the NHI database, we found their significant association with higher NODAT Figure 3 immunosuppressive regimens and the post-transplant survival curve. Notes: Death was defined as that occurring 6 months after liver transplantation. liver transplant recipients of Csa+TaC+MMF regimen had the worst survival probability among all the regimens. Abbreviations: TaC, tacrolimus; MMF, mycophenolate mofetil; Csa, cyclosporine. 
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immunosuppressant and new-onset diabetes after liver transplantation incidence, more infection events, and higher mortality. The last regimen, CsA+MMF, was used by relatively younger recipients with fewer pre-transplant diseases and was associated with the lowest NODAT incidence, slightly higher renal impairment, and comparable post-transplant overall survival when compared to TAC+MMF regimen. Previous clinical studies showed higher association of NODAT with regimen containing TAC than CsA. 5 In the Efficacy Limiting Toxicity Elimination (ELITE)-Symphony study of kidney-transplant recipients, 14 a 12-month regimen of daclizumab, MMF, and corticosteroids with low-dose TAC provided adequate immunosuppression with better renal function, allograft survival, and less acute rejection, but higher NODAT incidence, as compared with regimens containing either CsA or sirolimus. Another Phase III clinical trial compared the clinical outcomes of TAC vs CsA in kidney transplant recipients showed that regimens TAC/MMF and CsA/MMF were associated with comparable patient and graft survival, but inferior renal function in CsA/ MMF and higher NODAT incidence in TAC/MMF. 15 These results were compatible with our findings. The highest association of NODAT incidence with regimen CsA+TAC+MMF in our results might be explained by higher percentage of TAC-related NODAT forcing conversion from TAC to CsA. If NODAT developed after standard dosage of TACbased immunosuppression, clinicians might consider TAC minimization or transition to CsA. 16 Previous clinical studies showed regression of NODAT incidence in liver transplant recipients after substituting TAC with CsA. [17] [18] [19] However, the possible regression of NODAT in regimen CsA+TAC+MMF was statistically undetectable in our study, since we defined NODAT with the presence of ICD-9 codes.
In view of post-transplant survival outcomes, our retrospective analysis revealed that liver transplant recipients treated with regimen CsA+MMF and TAC+MMF had comparable survival probability, while those treated with regimen CsA+TAC+MMF had worse results. Recipients with regimen CsA+TAC+MMF might have undergone conversion from CsA to TAC due to acute rejection episode, which would theoretically translate into more infection events, renal impairment, predisposition to chronic rejection, and consequently higher mortality rates.
The reported measures to reduce incidence of NODAT include regular blood glucose monitoring, rapid steroid reduction, conversion to CsA, TAC-minimization, lifestyle modifications, or CNI-free regimen with belatacept. 20 Although CNIs remain the cornerstone of immunosuppressive therapy in solid organ transplantation, their dosage should be individualized based on the following guidelines: 1) older recipients receiving CNI reduction and early steroid withdrawal, 21 2) recipients with renal insufficiency and NODAT with the preference of minimizing CNI with MMF or everolimus, 3) recipients with hepatitis C infection requiring early steroid withdrawal and possible everolimus, and 4) recipients with concomitant HCC with possible benefit from mTORIs. 7, 10 limitations of this study This large, retrospective, nationwide cohort study using the NHI database has some inherent limitations. First, the NHI database contained little information regarding actual clinical situations such as level of glycohemoglobin, fasting glucose, family history, prescription sequence, and drug dosage. Although steroids and CNIs play key roles in the development of NODAT, which might be managed with early steroid withdrawal or CNI minimization nowadays, 5 our NHI database could only distinguish the existence of prescription codes instead of timely dosage adjustments. Therefore, recipients with regimen CsA+TAC+MMF might have undergone conversion from CsA to TAC or TAC to CsA, but we could not ascertain the actual situations in the NHI database. Second, we defined NODAT based on the presence of ICD-9 code of diabetes more than three times either in inpatient or outpatient department after 90 days of liver transplantation, while most previous studies defined NODAT with the ADA/WHO criteria. In our NHI system, medical professionals must provide sufficient medical reports to expert panels before approval of waivers. The validity, representativeness, and clinical consistency of this NHI database have been reported in the literature. Therefore, the presented diagnosis of diabetes by the clinicians must be precise (based on ADA/WHO criteria) and consistent, and patients with hyperglycemia or transient surgical diabetes were excluded. Besides, even though our study might underestimate the true incidence of NODAT, the comparison of NODAT incidence between different immunosuppressant regimens yielded meaningful results. Lastly, we defined immunosuppressant utilization by the presence of drug codes in more than 10% of all immunosuppressant prescriptions to simplify our analysis process. However, an individualized immunosuppressant regimen or regimen conversion might require fewer than 10% of prescriptions, thus leading to potential statistical bias in our study.
Conclusion
In this retrospective, nationwide cohort study using NHI database, the pre-transplant risk factors associated with NODALT were identified as old age, male sex, hepatitis C, alcoholic hepatitis, and immunosuppressant use of TAC. The most used immunosuppressant regimen for liver transplant recipients during the period 1998-2012 in Taiwan was TAC+MMF plus baseline steroids. Recipients with regimen CsA+TAC+MMF had the highest association with NODAT and worse post-transplant outcomes, including higher incidence of bacteremia, pneumonia, UTI, renal failure, and mortality rate, in comparison with regimen TAC+MMF or CsA+MMF. This observation might result from the process of regimen conversion from CsA to TAC due to acute rejection, or conversion from TAC to CsA due to NODAT. Our analysis confirmed TAC-based immunosuppression contributes to higher incidence of NODAT than CsA-based regimen, and TAC-CsA conversion might translate into higher incidence of NODAT and worse clinical outcomes. Therefore, we recommend that clinicians should make better risk stratification before prescribing immunosuppressant regimen for liver transplant recipients.
